Adsorption of gaseous/molecular hydrogen on platinum (Pt) decorated and pristine graphene have been studied systematically by using density functional theory (DFT) level of calculations implemented by Quantum ESPRESSO codes. The Perdew-Burke-Ernzerhof (PBE) type generalized gradient approximation (GGA) exchange-correlation functional and London dispersion forces have been incorporated in the DFT-D2 level of algorithm for short and long range electron-electron interactions, respectively. With reference to the binding energy of Pt on different symmetry sites of graphene supercells, the bridge (B) site has been predicted as the best adsorption site. In case of 3×3 supercell of graphene (used for detail calculations), the binding energy has been estimated as 2.02 eV. The band structure and density of states calculations of Pt adatom graphene predict changes in electronic/magnetic properties caused by the atom (Pt). The adatom (Pt) also enhances the binding energy per hydrogen molecule in Pt-graphene comparing to that in pristine graphene and records the values within the range of 1.84 eV to 0.13 eV for one to eight molecules, respectively.
Introduction
Graphene, one atom thick sheet of sp 2 bonded carbon atoms arranged laterally in a honeycomb crystal lattice, has been developed from theoretical model systems [1] to experimental reality [2] . Because of the two-dimensional crystal structure, it shows many interesting properties like observable quantum Hall effect even at the room temperature [3] , an ambipolar electric field effect along with ballistic conduction of charge carriers [4] , tunable band gap [5] and high elasticity [6] . After the experimental production of graphene in 2004 [7] , considerable research interest has been shifted to explore its unique properties and various potential applications such as in energy storage [8, 9] , spintronics [10] and microelectronics [11] . Various theoretical and experimental works have been performed focusing on the electronic and magnetic behaviours of different adatoms [12] [13] [14] [15] adsorbed on graphene system, and have been found to yield many interesting results. In addition to fascinating intrinsic electronic and mechanical properties exhibited by pure graphene, the structure and properties of graphene can also be controlled and modified by adsorption and/or doping of foreign atoms [16] . Very highly porous carbon materials offer a wide variety of chemical compositions that are suitable for the adsorption and storage of gaseous molecules like hydrogen, methane and carbon dioxide. Currently, gas storage in solids is an important technology with potential applications ranging from energy, environment and all the way biology to medicine [17] .
The development of the fuel cell technologies, based on hydrogen, holds the promise for producing renewable energy. The safe storage of hydrogen is also crucial for the development of hydrogen energy [18] . Carbon nanomaterials are suitable for the hydrogen storage due to high surface to volume ratio. Dillion et al. [19] were the first to study the hydrogen by assemblies of single walled carbon nano tubes (SWCNT) and porous activated carbon [20] . Later, many works focused on carbon based materials such as nanotubes [21, 22] and fullerene C 60 [23] have been performed. Although the transition metal atoms such as Pt and Pd, can bind multiple H 2 molecule and metal adatom carbon material can adsorb more hydrogen molecules, exceeding the minimum requirement of 6wt% for practical applications, a reliable and quantitative analysis of binding character is still insufficient. After the synthesization of graphene, its capacity of binding hydrogen molecule should be the great matter of interest.
The remaining part of the paper is organized as follows. This section (Introduction) is followed by the computational method in section 2 where we describe the systems, algorithm, and approximations for the whole calculations. The section 3 presents and discusses the results of the present work. The last section 'Conclusions and concluding remarks' highlights the summary of the paper and also presents its possible extension in near future.
Computational Method
The DFT based first-principles calculations [26, 27] are carried out to know the structural stability and electronic properties of adatom adsorption on graphene. Further, we have studied the adsorption of hydrogen molecule/s on Pt decorated graphene to investigate its hydrogen storage capacity. The long range dispersion forces are incorporated via London interaction [28] in DFT-D2 level of approximations, implemented with the quantum ESPRESSO code [29] .
The interaction between electrons and ion cores is described by ultrasoft pseudo potentials, and generalized gradient approximation (GGA) formalism is adopted to treat the electronic exchange and correlation effects, as described by Perdew-Burke-Ernzerhof (PBE) [30] . The plane wave basis set with the kinetic energy cut-off of 35 Ry is used for the expansion of the ground state electronic wave functions. The plane waves are chosen to have a periodicity compatible with the periodic boundary conditions of the simulating cell. The supercell dimensions are kept fixed during the relaxation.
We have used calculated value of the lattice constant ( o A 46 . 2 a = ), which overlaps with the experimental value [31] , obtained from our convergence tests. The adatom graphene system is modeled using single adatom in 2×2, 3×3, and 4×4 supercells of graphene containing 8, 18 and 32 number of carbon atoms. In this work, the adsorption of single Pt atom on graphene is performed at three different high symmetry sites, top (T), hollow (H) and bridge (B). For each adsorption site of the adatom-graphene system, the adatom is relaxed along the z-direction and the C atoms on graphene in all x, y, and z directions. To estimate the binding energy of adatom (Pt), the calculations for the isolated Pt, graphene and adatomgraphene are performed within the identical supercell of graphene. The optimized geometry is obtained with fully relaxed BFGS (Broyden-Fletcher-Goldfarb-Shanno) scheme [32] until the total energy change between two consecutive scf steps becomes less than 10 -4 Ry and force acting goes below 10 -3 Ry. The brillioun zone of graphene is sampled in k-space using the Monkhorst-Pack scheme [33] with an appropriate number of k-points. Different sized supercells are considered to see the size effect of the interaction between the isolated adatom and graphene. In order to avoid the interaction between the adatoms at adjacent supercells, vaccum length of supercell was made large enough, i.e. 20Å along z-axis. The detail calculations to study the electronic properties, like density of states (DOS) and electronic band structure of pure graphene and Pt-adsorbed graphene are calculated in 3×3 supercell of graphene and 15×15×1 mesh in k-space.
The adsorption properties of molecular hydrogen are observed on the most stable geometry of platinum decorated 3×3 supercell of graphene. At first, we optimized H 2 molecule and found bond length of 0.75 Å between two hydrogen atoms. The optimized molecule/s is then placed within the Pt-adatom graphene supercell of height 20Å, very large in comparison to the bond length of H 2, which prevents interaction between two hydrogen molecules at adjacent supercells. The calculations for a large number of molecular hydrogen (up to eight), with in the limit of computational power, has been covered in this study to observe the desirable binding energy and hydrogen storage capacity.
Results and Discussion
In the present work, we study the adsorption properties of single Pt on different symmetry sites of 2×2, 3×3, and 4×4 supercells of pure graphene and also present the binding strength/geometry of a number of hydrogen molecules on its preferred geometry.
A. Binding energy and geometry
The Binding energy (∆E) of adatom on graphene is defined as,
where, E GA, E G and E A are the values of energy of adatom-graphene, pure graphene and an isolated adatom in 3×3 supercell of graphene. Out of the three adsorption sites (H, B and T) considered in present calculations, the configuration with the highest binding energy is defined as the most favored one.
The adatom height (h) is defined as the difference in z coordinates of adatom and the average of the z coordinates of the carbon atoms in the graphene layer. We have also calculated the distance d Ac between the adatom and its nearest carbon atom. The adsorption of adatom on graphene produces a distortion (dz), which is quantified by computing the maximum deviation of C atoms along z-direction from their average positions in pristine graphene. The distortion of the graphene layer upon the adsorption of adatom is also calculated in terms of change in dihedral angles. 
B. Electronic structures
We have computed the electronic density of states (DOS) and band structures of pure graphene and adatom graphene. The Kohn-Sham DOS is computed for adatom at the most favorable (B) site of the 3×3 graphene supercell using 15×15×1 Gamma centered Brillouin zone-sampling. The energy eigen values are smeared by 'Marzari-Vanderbilt' smearing [35] of width 0.001 Ry. The spin up and spin down calculations of pure graphene are plotted by assuming Fermi energy as reference level (Fig. 1a) . The Dirac point, where DOS is nearly equal to zero, lies at the Fermi level, and approves that the valence and conduction band meet at that point with zero band gap. The identical density of states for spin up and spin down in the figure approves the non magnetic nature of pure graphene.
From Fig. (1b) it is seen that Fermi level of adatom graphene again appears to remain at the Dirac point. On the other hands, DOS of adatom graphene system has been modified near the Fermi level. The contribution of different Pt orbitals in the DOS of Pt adatom system is shown in Fig. 2 . They show the different orbital's contribution on the DOS of pristine graphene.
Fig. 2(c)
The band structure of pure graphene exhibits its unique feature showing zero band gap at Fermi level. The bands meet at a point in Fermi level (observed at -2.351 eV) and form a conical structure, which are known as Dirac point and Dirac cone respectively (Fig. 3a) .
The interaction of the adatom with П and П* states of the carbon atoms in graphene, however, breaks the symmetry of graphene and band gap occurs at the Fermi level. New bands originating from Pt modify the band structure of pure graphene and disclose a band gap of 1.10 eV in adatom graphene. This change in band gap from zero in pure graphene to 1.10 eV in Pt-added graphene shows the potential use of the material for practical applications. 
C. Charge transfer
Charge transfer, an ambiguous quantity [16, 17] , is an important feature of adatom-graphene interaction in which transfer of electronic charge takes place between the adatom and graphene. In this section, we discuss and quantify the charge transfer due to the adsorption of adatom on bridge site of 3×3 graphene supercell, which we believe an essential part to study the nature of bonding between the interactive materials. By keeping in mind that the magnitude of charge transfer is highly method dependent and difficult to quantify as an absolute value, we have used one of the algorithms followed by previous studies [15] , where we integrate differences in electronic charge density in planer basis.
With the help of optimized structures, the charge densities for pure graphene layer, isolated adatom, and adatom graphene are calculated. The difference in charge-density is then defined as
where ρ AG (r), ρ A (r) and ρ G (r) are the charge densities of the adatom-graphene, an isolated adatom, and graphene respectively, calculated in the same positions of the supercell as done for adatom-graphene calculations. To calculate the charge transfer using the linear charge density difference, the region of the space belonging to graphene and/or adatom must be specified. As similar to the concept used by Chan et al., [15] , an adsorbate-substrate cutoff distance R cut is defined as the distance from the graphene plane to the point between the plane and the adatom at which charge accumulation changes to charge depletion. In the Fig. (4) the region with z < R cut is assigned to the substrate and the region with z > R cut is assigned to the adatom. The charge transfer is obtained by the integral of linear charge density difference in the substrate region, and the quantity in case of Pt adatom graphene has been found as 0.18e. Higher the value of charge transfer may cause more impacts on the electronic structure and therefore on the catalytic activities of the system.
D. Adsorption of hydrogen molecule/s on Pt adsorbed graphene
We have also performed the first-principles calculations to study the adsorption of hydrogen molecule/s in Pt decorated graphene. The system is modeled by allowing the adsorption of hydrogen molecule/s from one up to maximum eight in number on a single Pt decorated 3×3 graphene supercell. The binding energy (∆E) of H2 molecule is then calculated using the formula,
where E AGH is the energy of the system containing graphene, adatom and H2 molecules, E AG is the energy of the Pt-graphene system and E H2 is the energy of the H2 molecule. Furthermore, binding energy/H2 molecule is calculated as, B.E/H2 = ∆E/N, with N as the number of the hydrogen molecules. Fig. 6 , for the adsorption of one to eight adsorbed H 2 molecules goes through the range of 1.84 eV to 0.13 eV. The binding energy values per hydrogen molecule from this work meet the U.S. DoE (Department of Energy) target (0.2eV-0.7eV) [36] . One of the major purposes of this study (adsorption of hydrogen molecules on graphene) is to explore the possibility of the gaseous storage at operating conditions. If we compare the strength by which H2 are bound in pure and adatom graphene system, the maximum possible binding energy per H2 molecule is enhanced remarkably in adatom (Pt) graphene (1.84eV) over the pure graphene (~ 0.07 eV). The hydrogen storage capacity of single Pt decorated graphene for the adsorption of 8 H2 molecules is 3.74 wt % per substrate, comparing to the DoE target (around 6 wt %) [9] , for the practical applications. The estimated results display the potential application of Pt decorated graphene in hydrogen gas storage material.
Conclusion and Concluding remarks
We studied the structural and electronic properties of pure graphene and platinum adsorped graphene systems. Using the estimated values of binding energies of Platinum at three high symmetry sites (H, B and T) of 3×3×3 graphene supercell, it is found that the bridge site is energetically favourable with its magnitude 2.022 eV. The adsorption of adatoms on the bridge site of the graphene changes some of the graphene sp 2 like orbital character to a more covalently reactive sp 3 like character, which is accounted by calculating the deformation on graphene sheet. A small band gap of 1.10eV has been noticed in band structure calculations of Pt-added graphene over the zero band gap pure graphene, which causes the breaking of symmetry of the graphene.
We have also studied the adsorption of the hydrogen molecules on Pt-decorated graphene in order to investigate its hydrogen storage capacity. The binding energy per H2 molecule due to adsorption of one to eight number of hydrogen molecules on Pt adatom graphene ranges within 1.847 eV to 0.134 eV, where its value decreases on increasing the number of adsorbed hydrogens. Within the limit of our calculations, the maximum hydrogen storage capacity of single Pt decorated graphene for 8 H2 molecules is found 3.72 wt %. The results we discussed in this paper, in general, are progressive and interesting to move towards the US DoE criteria (around 6 wt %) for the practical applications.
We intend to extend this work to see the redistribution of charge density while adsorbing adatom and gaseous molecules on graphene. Adsorption of multiple Pt atoms or/and Pt-dimers and also more hydrogen molecules may enhance wt % of hydrogen and overall quality of the material.
